Background
==========

Parkinson's disease (PD), a heterogeneous and chronic neurodegenerative disease \[[@b1-medscimonit-26-e922032]\], is featured with slow degeneration of the central nervous system and often presents with movement disorder \[[@b2-medscimonit-26-e922032]\]. It is the second most rampant neurodegenerative disease \[[@b3-medscimonit-26-e922032]\] affecting nearly 2% of the people older than 65 years of age, worldwide \[[@b4-medscimonit-26-e922032]\]. Patients with PD usually present with tremor, rigidity, bradykinesia, hypokinesia, postural instability, and cognitive impairment \[[@b5-medscimonit-26-e922032]\]. Genetic and environmental factors, as well as dietary components, contribute to the etiology of PD \[[@b6-medscimonit-26-e922032]\]. Defects in autophagy may be key contributors to neurodegeneration, and autophagy induction is relatively increased in individuals with neurodegenerative diseases \[[@b7-medscimonit-26-e922032]\]. Based on accumulating data, autophagy is implicated in PD pathogenesis; a recent study revealed alternative neuroprotective regimens for PD treatment \[[@b8-medscimonit-26-e922032]\]. Despite extensive preclinical studies conducted in PD animal models, effective neuroprotective drugs for PD are still lacking \[[@b9-medscimonit-26-e922032]\]. Therefore, an important unmet clinical need is to modify the disease course using neuroprotective therapy.

MicroRNAs (miRs) function as endogenous regulators of gene expression, contributing to translational suppression or messenger RNA (mRNA) degradation \[[@b10-medscimonit-26-e922032]\]. The deregulation of miRs in neurodegenerative diseases is the basis of changes in key target gene expression, leading to neurological dysfunction \[[@b11-medscimonit-26-e922032]\]. Moreover, miRs participate in the progression of numerous neurodegenerative disorders, including PD \[[@b12-medscimonit-26-e922032]\]. The miR-133 family, enriched in cardiac and skeletal muscles, is implicated in cell differentiation and development, and is downregulated during cardiac hypertrophy \[[@b13-medscimonit-26-e922032],[@b14-medscimonit-26-e922032]\]. Notably, miR-133b plays a dominant role in organizing correlated transcriptional programs in individuals with PD \[[@b15-medscimonit-26-e922032]\]. Therefore, we speculate that miR-133a may also be related to PD development. Additionally, Ras-related C3 botulinum toxin substrate 1 (RAC1), widely distributed throughout the body, mainly acts as a pleiotropic regulator of epithelial differentiation and is associated with apoptotic pathways via the production of reactive oxygen species \[[@b16-medscimonit-26-e922032]\]. Additionally, RAC1 is increased in the hippocampal tissues of patients and animal models with Alzheimer's disease \[[@b17-medscimonit-26-e922032]\]. Based on these findings, we hypothesize that correlations may exist between miR-133a and RAC1 in PD cell models. Thus, we conducted this study to explore the mechanism of miR-133a and RAC1 in cell autophagy in PD.

Material and Methods
====================

Cell cultivation
----------------

PC-12 (highly differentiated) rat adrenal pheochromocytoma cells (Cell Bank of Chinese Academy of Sciences, Shanghai, China) were cultured at 37°C with 5% CO~2~, and the medium was refreshed every 2 days. One day before the experiment, cells were detached with trypsin (HyClone, Logan, UT, USA) to form a single-cell suspension. Then, the medium was removed after low-speed centrifugation. After counting, cells were planted into 96-well plates, and the subsequent experiments were performed after 24 hours of stable cultivation.

Cell grouping and treatments
----------------------------

Gradient concentrations of 1-methyl-4-phenylpyridinium ion (MPP^+^) (0, 250, 500, 750, and 1000 μM) were established to detect cell viability after treatment with different concentrations using the MTT (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. The appropriate concentration of MPP^+^ was selected to stimulate PC12 cells and establish the PD cell model.

Cell models of MPP^+^-induced PD were allocated to a PD group, mimic-negative control (NC) group, and miR-133a mimic group (transfected with miR-133a mimic) (Shanghai GenePharma Co., Ltd., Shanghai, China), and transfected with Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA). Twenty-four hours later, miR-133a expression was detected using reverse transcription quantitative polymerase chain reaction (RT-qPCR).

RT-qPCR
-------

TRIzol (Invitrogen) was adopted to extract total RNA from cells, and the high quality of the extracted RNA was confirmed. Next, 1 μM of RNA was reverse transcribed into cDNAs. Quantitative polymerase chain reaction (qPCR) was conducted using the SYBR Green reagent. U6 served as an internal reference for miR-133a and β-actin for RAC1. PCR primers designed and synthesized by Shanghai Sangon Biotechnology Co., Ltd. are listed in [Table 1](#t1-medscimonit-26-e922032){ref-type="table"}.

Western blot analysis
---------------------

The proteins were extracted, and the concentrations were measured with a bicinchoninic acid kit (Boster Biological Technology Co., Ltd., Wuhan, Hubei, China). Then the proteins were loaded into each well of the gel (30 μg each) and separated using 10% polyacrylamide gel electrophoresis (Boster). After that, proteins were transferred to polyvinylidene fluoride membranes, and incubated with primary antibodies against RAC1 (1: 1000, ab129758), light chain 3 I (LC3I), LC3II (ZSGB-Bio Co., Ltd, Beijing, China), p62 (2 μg/mL, ab56416), Beclin-1 (1: 2000, ab207612), Bcl2 (ab32124), Bax (1: 1000, ab53154), cleaved caspase-3 (1 μg/mL, ab2302), and β-actin (1: 5000, ab8227) overnight at 4°C. These aforementioned antibodies were purchased from Abcam Inc., (Cambridge, MA, USA), except for the antibodies against LC3I and LC3II. Afterwards, the membranes were rinsed with tris-saline buffer plus Tween (TBST) 3 times (5 minutes each) and incubated with the secondary antibody (ZSGB-Bio). After 3 washes, the membranes were developed, and bands were visualized using the Gel Dol EZ Imager (Bio-Rad Laboratories, Hercules, CA, USA) and analyzed by calculating the gray value using ImageJ software (National Institutes of Health, Bethesda, Maryland, USA).

MTT colorimetric method
-----------------------

Cells were adjusted to approximately 5×10^4^ cells/L and cultured in 96-well plates with 180 μL of media/well for 6 hours to allow cells to adhere. Next, cells were incubated with RPMI-1640 medium (HyClone) containing different concentrations of MPP^+^ (0, 250, 500, 750, or 1000 μM), while control cells were only incubated with RPMI-1640 medium. After cells had been cultivated in a 5% CO~2~ incubator (Heal Force Bio-Meditech Holdings Group, Shanghai, China) at 37°C for 24, 48, and 72 hours, 20 μL of a 5 g/L MTT solution was added and incubated for 4 hours. After removing the supernatant, dimethyl sulfoxide (150 μL) was added and vibrated gently on a shaking bed to completely dissolve the crystals. Subsequently, the optical density was detected at 490 nm using a microplate reader (Shenzhen Rayto Life Science Co., Ltd., Shenzhen, Guangdong, China). Five replicate wells were analyzed in each group.

Colony formation assay
----------------------

PC12 cells were planted to glass dishes with diameter of 6 cm at 500 cells per well, and then the dishes were washed twice with phosphate-buffered saline (PBS; 0.01 mol/L, pH 7.4). Next, cells were stained with an appropriate amount of Giemsa dye solution for 15 minutes, and then the dye solution was slowly removed by rinsing the plate with running water and dried with air. Finally, colonies in each dish were counted, and a mass with more than 50 cells was considered one colony.

5-ethynyl-2′-deoxyuridine (EdU) labeling assay
----------------------------------------------

The specific steps were performed as per the instructions of EdU proliferation test kit (Guangzhou RiboBio Co., Ltd, Guangzhou, Guangdong, China).

Flow cytometry
--------------

After treatment with trypsin, cells were collected, triturated into a single-cell suspension and fixed with 75% (volume fraction) ethanol that had been pre-cooled at −20°C. Following twice PBS washes, cells were resuspended in a staining solution with 1 mg/L RNA enzyme and propidium iodide (PI, 0.02 mg/L), and incubated for 30 minutes in the dark. Subsequently, cells in each phase were detected at an excitation wavelength of 488 nm and emission wavelength of 610 nm.

After treatment with trypsin, cells were collected, triturated to form a single-cell suspension, and centrifuged. After 2 PBS washes, cells were resuspended, and added with Annexin V (5 μL) and propidium iodide (PI) (1 μL). After a 15-minute incubation in the dark, cells were gently mixed with 300 μL binding buffer. Approximately 10 000 cells were detected and the ratio of AV^+^ cells (apoptotic cells) was calculated.

Transmission electron microscope
--------------------------------

Cells were detached with trypsin containing ethylenediaminetetraacetic acid (EDTA) and centrifuged before the supernatant was removed. Next, cells were fixed using an electron microscopy fixative solution, dehydrated with gradient ethanol solutions, and stained with 70% uranium dioxide ethanol acetate. After embedding and sectioning, cells were observed under a transmission electron microscope (BX53, Olympus, Tokyo, Japan).

Immunofluorescence
------------------

Cells were seeded in 12-well plates on a cover glass at 3×10^4^ cells/mL. Cells were treated with the compounds listed for the corresponding groups after adhering to the cover glasses. After 24 hours, cells were fixed with 4% polyformaldehyde, treated with 0.2% Triton X-100, incubated with 10% goat serum for 30 minutes, and with LC3I antibody (Abcam) overnight at 4°C. Afterwards, cells were incubated with fluorescent dye-labeled horseradish peroxidase-conjugated secondary antibody (Boster), counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and photographed, and the fluorescence intensity was analyzed.

Dual-luciferase reporter gene assay
-----------------------------------

The binding site of miR-133a and RAC1 was predicted using bioinformatics software and a website, *<http://www.targetscan.org/vert_71/>*. PC12 cells were lysed with TRIzol, and 5 μL of the cell lysate was mixed with firefly luciferase buffer and 5 μL of the substrate to measure the fluorescence intensity. Then, the luciferase activity of Renilla luciferase was measured by mixing the cell lysate with the Renilla luciferase buffer and 5 μL of enterococcin substrate. The psiCHECK-2 vector was used to analyze the firefly luciferase activity as an internal reference, and the expression of psiCHECK2-RAC1-3′UTR wild type (WT) served as the control. The targeting relationship and binding site between miR-133a and RAC1 were then predicted. The RAC1 3′UTR sequence containing the binding site for miR-133a was synthesized and RAC1 3′UTR WT plasmid (RAC1-WT) and mutant plasmid (RAC1-MUT) were constructed as per the Plasmid Extraction Kit (Promega Corporation, Madison, WI, USA). RAC1-WT and RAC1-MUT plasmids were mixed with mimic NC and miR-133a mimic, respectively, and co-transfected into PC12 cells. Luciferase activity was determined using a luciferase detection kit (BioVision, San Francisco, CA, USA) and a Glomax 20/20 luminometer (Promega).

Statistical analysis
--------------------

SPSS 21.0 software (IBM Corp., Armonk, NY, USA) was applied to process the data. The Kolmogorov-Smirnov test was utilized to check whether the data were normally distributed. The data are reported as the means±standard deviations. Comparisons in pairwise were analyzed using the *t*-test, whereas comparisons among multiple groups were processed using one-way or 2-way analysis of variance (ANOVA), followed by pairwise comparisons using Tukey's multiple comparisons test. The *P*-value was calculated using 2-tailed tests, and *P*\<0.05 implied a significant difference.

Results
=======

MPP^+^ concentration of 500 μM was chosen for subsequent experiments
--------------------------------------------------------------------

First, the MTT colorimetric assay was utilized to detect the survival rate of PC12 cells treated with different MPP^+^ concentrations. A high concentration of MPP^+^ significantly declined the survival rate of PC12 cells. In addition, when the concentration of MPP^+^ was 750 μM, the survival rate of PC12 cells was less than 50% ([Figure 1](#f1-medscimonit-26-e922032){ref-type="fig"}). Therefore, the cell model of PD was constructed with a 500 μM MPP^+^ concentration.

MiR-133a is expressed at low levels in MPP^+^-induced PD cell model
-------------------------------------------------------------------

MiR-133a expression was detected using RT-qPCR after the establishment of PD cell model using MPP^+^. MiR-133a expression was obviously lessened in PD cell model. Therefore, we speculated that miR-133a exerts certain effect on PD. MiR-133a mimic and mimic NC were transfected into the constructed PD cell model. The transfection was successful after analysis and detection ([Figure 2](#f2-medscimonit-26-e922032){ref-type="fig"}) (all *P*\<0.05).

MiR-133a overexpression promoted the proliferation of MPP^+^-induced PD cell model
----------------------------------------------------------------------------------

To inspect miR-133a roles in the proliferation of MPP^+^-induced PD cell models, MTT, colony formation and EdU labeling assays were employed. The cell viability, colonies and EdU-positive cells were all increased in cells overexpressing miR-133a ([Figure 3A--3C](#f3-medscimonit-26-e922032){ref-type="fig"}). Thus, miR-133a overexpression promoted the proliferation of cell model of MPP^+^-induced PD.

MiR-133a overexpression inhibited the apoptosis of cell models of MPP^+^-induced PD
-----------------------------------------------------------------------------------

Flow cytometry and western blot analyses were subsequently employed to determine cell apoptosis of PD model. Increased cells overexpressing miR-133a were in S phase, indicating that transitions after S phase were blocked, and DNA synthesis was inhibited ([Figure 4A](#f4-medscimonit-26-e922032){ref-type="fig"}). Additionally, the apoptotic rate was remarkably reduced in cells overexpressing miR-133a ([Figure 4B](#f4-medscimonit-26-e922032){ref-type="fig"}). Cells overexpressing miR-133a presented prominently decreased levels of cleaved caspase-3 and Bax, but increased levels of Bcl2 ([Figure 4C](#f4-medscimonit-26-e922032){ref-type="fig"}) (all *P*\<0.05).

MiR-133a overexpression inhibits autophagy in cell models of MPP^+^-induced PD
------------------------------------------------------------------------------

Western blots were performed to detect the levels of LC3II/I, p62, and Beclin-1 in PC12 cells. Cells overexpressing miR-133a exhibited elevated levels of p62 and significant decreases in LC3II/I and Beclin-1 levels ([Figure 5A](#f5-medscimonit-26-e922032){ref-type="fig"}) (all *P*\<0.05). Overexpressing miR-133a inhibited the overactivated autophagy in MPP^+^-induced PD cell models. Immunofluorescence staining and transmission electron microscopy revealed that cells overexpressing miR-133a displayed reduced autophagosomes and decreased LC3 fluorescence (all *P*\<0.05) ([Figure 5B, 5C](#f5-medscimonit-26-e922032){ref-type="fig"}).

MiR-133a targets RAC1
---------------------

By predicting the binding site for miR-133a in RAC1 at *<http://www.targetscan.org/vert_71/>*, an miR-133a binding site was located in the 3′UTR of RAC1 ([Figure 6A](#f6-medscimonit-26-e922032){ref-type="fig"}). The results of dual luciferase assay revealed a markedly lower fluorescence intensity of the luciferase vector RAC1-WT in the miR-133a mimic group (*P*\<0.05) ([Figure 6B](#f6-medscimonit-26-e922032){ref-type="fig"}). RAC1 levels were obviously decreased in cells overexpressing miR-133a ([Figure 6C, 6D](#f6-medscimonit-26-e922032){ref-type="fig"}) (all *P*\<0.05). Therefore, we confirmed that miR-133a targeted RAC1.

Overexpression of RAC1 attenuated the inhibition of miR-133a on PC12 cell apoptosis and autophagy
-------------------------------------------------------------------------------------------------

We conducted a complementary experiment to verify that the effect of miR-133a on PC12 cell apoptosis and autophagy in PD cell models was mediated by regulating RAC1. Compared with miR-133a overexpression, both the apoptosis and autophagy of PC12 cell models of MPP^+^-induced PD were increased upon the overexpression of both miR-133a and RAC1 ([Figure 7A--7D](#f7-medscimonit-26-e922032){ref-type="fig"}) (all *P*\<0.05).

Discussion
==========

Parkinson's disease (PD) affects over 100 000 individuals worldwide \[[@b18-medscimonit-26-e922032],[@b19-medscimonit-26-e922032]\], and no restorative treatments have been identified to halt its neurodegenerative process \[[@b20-medscimonit-26-e922032]\]. We examined the involvement of miR-133a and RAC1 in the apoptosis and autophagy of a PD cell model. Collectively, we verified that miR-133a targeted RAC1, and overexpression of miR-133a prevented the apoptosis and autophagy of cell models of MPP^+^-induced PD by inhibiting RAC1 expression.

MiR-133a expression was lessened in cell models of MPP^+^-induced PD. Bostjancic et al. confirmed that miR-133a had low expression levels in myocardial infarction, fetal hearts and during arrhythmogenesis in hypertrophic and failing hearts \[[@b21-medscimonit-26-e922032]\]. As shown in the study by Chiba et al., miR-133a downregulation induced RhoA upregulation, resulting in an increase in contractility in mouse model of allergic bronchial asthma \[[@b22-medscimonit-26-e922032]\]. A previous study observed markedly reduced miR-133b expression in substantia nigra midbrain tissue from PD patients \[[@b15-medscimonit-26-e922032]\], consistent with our result. Notably, miR-133b is specifically expressed in midbrain dopaminergic neurons, but not midbrain tissues from PD patients \[[@b23-medscimonit-26-e922032]\]. Moreover, according to a recent study, reduced levels of miR-133b, a result of dopaminergic neuronal loss, represent a potential marker for PD \[[@b24-medscimonit-26-e922032]\].

Additionally, overexpression of miR-133a stimulated cell proliferation and suppressed the apoptosis of cell models of MPP^+^-induced PD, as evidenced by the decreased levels of cleaved caspase-3 and Bax, and increased levels of Bcl2. Caspase-3, a main regulator of apoptosis, cleaves Bcl2, while Bax initiates caspase activation and causes the release of proapoptotic factors \[[@b25-medscimonit-26-e922032]\]. Bcl2 functions mainly as an anti-apoptosis factor in ischemia, autoimmune diseases, cancers, and neurodegenerative disorders \[[@b26-medscimonit-26-e922032]\]. Downregulation of Bcl2, upregulation of Bax, and activation of caspases are key markers of apoptosis induction \[[@b25-medscimonit-26-e922032]\]. As noted in a previous study, Bax activates caspase-3, indirectly inhibits Bcl2 expression, and triggers cell apoptosis after cerebral ischemia/reperfusion injury \[[@b27-medscimonit-26-e922032]\]. Overexpression of miR-133b has been shown to prevent caspase-3 activation and set back the decrease in Bcl2/Bax induced by MPP^+^ \[[@b28-medscimonit-26-e922032]\]. Notably, miR-133a also regulated cardiomyocyte activity and inhibited smooth muscle gene expression \[[@b29-medscimonit-26-e922032]\].

Moreover, overexpression of miR-133a suppressed autophagy of cell models of MPP^+^-induced PD, as evidenced by the significantly increased P62 levels, decreased LC3II/I ratio and Beclin-1 levels, and reduced number of autophagosomes and LC3 spots. The overactivation of autophagy during neuron loss is involved in PD pathogenesis \[[@b30-medscimonit-26-e922032]\]. According to a new study, Beclin-1 has important functions in autophagy that are mediated by the formation of the Beclin-1-Bcl2 complex \[[@b31-medscimonit-26-e922032]\]. LC3II is considered a marker of autophagy in cells and tissues \[[@b32-medscimonit-26-e922032]\]. Bax overexpression decreases Beclin-1 levels, increases caspase-3 activity, reduces the number of autophagosomes and LC3 dots, and finally decreases autophagy flux \[[@b33-medscimonit-26-e922032]\]. P62 binds polyubiquitinated proteins responsible for constitutive degradation through autophagy by recruiting LC3, an important component of the autophagy mechanism \[[@b34-medscimonit-26-e922032]\]. A decrease in miR-133a expression might exacerbate autophagy in patients with diabetic heart failure \[[@b35-medscimonit-26-e922032]\]. Autophagy, a commonly occurring neuronal response in PD, takes part in the clearance of protein aggregates and monitoring of mitochondrial quality \[[@b36-medscimonit-26-e922032]\]. Pretreatment with autophagy inhibitors protects dopaminergic neurons from death, as evidenced by the suppression of LC3, indicating that the activation of autophagy may cause dopaminergic neuron death and involve in PD development \[[@b37-medscimonit-26-e922032]\]. Additionally, miR-133a targets RAC1. An increase in RAC1 activity was found to accelerate the spatial memory deficit of infant APP/PS1 mice, and induce serious memory loss in old APP/PS1 mice \[[@b17-medscimonit-26-e922032]\]. RAC1 activity plays important roles in dopaminergic cell death, α-synuclein accumulation, and autophagy in PD models \[[@b38-medscimonit-26-e922032]\]. Interestingly, Beclin-1 is recruited to phagocytes and induces RAC1 expression, and Beclin-1 knockdown completely inhibits autophagy by upregulating RAC1 \[[@b39-medscimonit-26-e922032]\]. Similarly, upregulated RAC1 stimulates the apoptosis of autophagic cardiomyocytes upon exposure to ischemia/reperfusion or hypoxia, and RAC1 knockdown reverses the actions of miR-142-3p on apoptosis and autophagy \[[@b40-medscimonit-26-e922032]\].

Conclusions
===========

In conclusion, our experimental results supported that miR-133a overexpression prevents apoptosis and autophagy in cells models of MPP^+^-induced PD by downregulating RAC1 expression. These results provide a potential mechanism, and potentially refines our understanding of PD. The limitation of this study was that due to the lack of time and funding, we did not perform *in vivo* experiments. Further studies exploring the effects of miR-133a and RAC1 on mediating PD*in vivo* will likely increase our knowledge of the precise molecular mechanism regulating the disease.
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![Effects of different MPP^+^ concentrations on the PC12 cell survival rate. The MTT assay was used to detect the survival rate of PC12 cells treated with different concentrations of MPP^+^. \* Compared with 0 μM MPP^+^, *P*\<0.05. Replicates=3. Data were analyzed using one-way ANOVA, followed by Tukey's multiple comparisons test. MPP^+^ -- 1-methyl-4-phenylpyridinium ion; MTT -- 4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.](medscimonit-26-e922032-g001){#f1-medscimonit-26-e922032}

![The expression of miR-133a is downregulated in MPP^+^-induced PD cell models. \* *P*\<0.05; ^\#^ compared with the PD group, *P*\<0.05. Replicates=3. Data were analyzed using one-way ANOVA, followed by Tukey's multiple comparisons test. MPP^+^ -- 1-methyl-4-phenylpyridinium ion; PD -- Parkinson's disease.](medscimonit-26-e922032-g002){#f2-medscimonit-26-e922032}

![Overexpression of miR-133a promotes the proliferation of cell models of MPP^+^-induced PD. (**A**) Cell viability was detected at 0, 24, 48, and 72 hours using the MTT assay. (**B**) The number of colonies in each group was detected using the colony formation assay. (**C**) EdU-positive cells in each group were measured using the EdU labeling assay. \* Compared with the blank group, \* *P*\<0.05 and \*\* *P*\<0.01; ^\#^ *P*\<0.05. Replicates=3. Data shown in **panel A** were analyzed using 2-way ANOVA, and data shown in **panels B and C** were analyzed using one-way ANOVA, followed by Tukey's multiple comparisons test. MPP^+^ -- 1-methyl-4-phenylpyridinium ion; MTT -- 4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PD -- Parkinson's disease; EdU -- 5-ethynyl-2′-deoxyuridine.](medscimonit-26-e922032-g003){#f3-medscimonit-26-e922032}

![Overexpression of miR-133a promotes cell cycle progression and inhibits the apoptosis of cell models of MPP^+^-induced PD. (**A**) Distribution of cell cycle phases detected using flow cytometry. (**B**) Cell apoptotic rate detected using flow cytometry. (**C**) Relative levels of apoptosis-related proteins measured using western blot analyses. \*\* *P*\<0.01. Replicates=3. Data shown in **panels A and C** were analyzed using 2-way ANOVA, and data shown in **panel B** were analyzed using one-way ANOVA, followed by Tukey's multiple comparisons test. MPP^+^ -- 1-methyl-4-phenylpyridinium ion; PD -- Parkinson's disease.](medscimonit-26-e922032-g004){#f4-medscimonit-26-e922032}

![Overexpression of miR-133a inhibits the autophagy of cell models of MPP^+^-induced PD. (**A**) Western blots showing the levels of autophagy-related proteins. (**B**) Representative images of LC3 spots detected using immunofluorescence. (**C**) Representative images of autophagosomes in cells after different treatments captured using a transmission electron microscope. \*\* *P*\<0.01. Replicates=3. Data presented in **panel A** were analyzed using 2-way ANOVA, and data presented in **panel B** were analyzed using one-way ANOVA, followed by Tukey's multiple comparisons test. MPP^+^ -- 1-methyl-4-phenylpyridinium ion; PD -- Parkinson's disease.](medscimonit-26-e922032-g005){#f5-medscimonit-26-e922032}

![MiR-133a targets RAC1. (**A**) Bioinformatics software and a website were used to predict the binding site for miR-133a in the 3′UTR of RAC1. (**B**) Fluorescence intensity of RAC1, as detected using the dual luciferase reporter gene assay. (**C, D**) Relative levels of the RAC1 mRNA and protein were detected using RT-qPCR and western blot analysis. \*\* *P*\<0.01. Replicates=3. Data shown in **panel B** were analyzed using 2-way ANOVA, and data shown in **panels C and D** were analyzed using one-way ANOVA, followed by Tukey's multiple comparisons test. miR -- microRNA, RAC1 -- Ras-related C3 botulinum toxin substrate 1; mRNA -- messenger RNA; RT-qPCR -- reverse transcription quantitative polymerase chain reaction.](medscimonit-26-e922032-g006){#f6-medscimonit-26-e922032}

![Overexpression of RAC1 attenuates the inhibitory effects of miR-133a on PC12 cell apoptosis and autophagy. (**A**) Apoptotic rates detected using flow cytometry. (**B**) Levels of apoptosis-related proteins measured using western blot analyses. (**C**) Levels of autophagy-related proteins measured using western blot analyses. (**D**) LC3 fluorescence in cells detected using immunofluorescence staining. \*\* *P*\<0.01. Replicates=3. Data shown in **panels A and D** were analyzed using the *t*-test, and data shown in **panels B and C** were analyzed using 2-way ANOVA, followed by Tukey's multiple comparisons test. RAC1 -- Ras-related C3 botulinum toxin substrate 1; miR -- microRNA.](medscimonit-26-e922032-g007){#f7-medscimonit-26-e922032}

###### 

Primer sequences of RT-qPCR.

  Genes                             Sequences
  --------------------------------- ---------------------------------
  miR-133a                          F: 5′-TTTGGTCCCCTTCAACCAGCTG-3′
  R: 5′-TAAACCAAGGTAAAATGGTCGA-3′   
  U6                                F: 5′-CTCGCTTCGGCAGCACA-3′
  R: 5′-AACGCTTCACGAATTTGCGT-3′     
  PITX3                             F: 5′-ATAAAGCTGACCCTGGGCAC-3′
  R: 5′-GGGTGAATTCAGCTGCTCCT-3′     
  β-actin                           F: 5′-GGCATCACACTTTCTACAACG-3′
  R: 5′-GGCAGGAACATTAAAGGTTTC-3′    

RT-qPCR -- reverse transcription quantitative polymerase chain reaction; miR-133a -- microRNA-133a; PITX3 -- paired-like homeodomain transcription factor 3.
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